Background-Evidence indicates that cardiac hypothyroidism may contribute to heart failure progression. It is also known that heart failure is associated with an increased risk of atrial fibrillation (AF). Although it is established that hyperthyroidism increases AF incidence, the effect of hypothyroidism on AF is unclear. This study investigated the effects of different thyroid hormone levels, ranging from hypothyroidism to hyperthyroidism on AF inducibility in thyroidectomized rats. Methods and Results-Thyroidectomized rats with serum-confirmed hypothyroidism 1 month after surgery were randomized into hypothyroid (N=9), euthyroid (N=9), and hyperthyroid (N=9) groups. Rats received placebo, 3.3-mg lthyroxine (T4), or 20-mg T4 pellets (60-day release form) for 2 months, respectively. At the end of treatment, hypothyroid, euthyroid, and hyperthyroid status was confirmed. Hypothyroid animals showed cardiac atrophy and reduced cardiac systolic and diastolic functions, whereas hyperthyroid rats exhibited cardiac hypertrophy and increased cardiac function. Hypothyroidism and hyperthyroidism produced opposite electrophysiological changes in heart rates and atrial effective refractory period, but both significantly increased AF susceptibility. AF incidence was 78% in hypothyroid, 67% in hyperthyroid, and the duration of induced AF was also longer, compared with 11% in the euthyroid group (all P<0.05).
A trial fibrillation (AF) is the most common clinically significant cardiac arrhythmia. The estimated prevalence of AF is 0.4% to 1% in the general population, and its prevalence increases with age, up to 8% in those older than 80 years. It was estimated that ≈2.2 million Americans have AF. 1 AF has a very complex pathophysiology that depends strongly on underlying cardiovascular diseases, in particular heart failure (HF). 2 As a result, AF and HF frequently coexist, with up to 50% of patients with severe HF developing AF. 2 HF is a leading cause of morbidity and mortality, affecting >5 million patients in the United States 2,3 At 40 years, the lifetime risk of developing HF for both men and women is 20%. 3 
Clinical Perspective on p 959
Normal thyroid hormone (TH) levels are required in adult life to maintain normal cardiovascular structure and function. [4] [5] [6] Thyroid dysfunction, in both hyperthyroidism and hypothyroidism, is associated with an increased risk of HF. 6, 7 Although it is well known that thyrotoxicity is associated with an increased AF risk in patients, 1 the role of hypothyroidism on AF is unclear. Although several clinical case reports suggest that hypothyroidism might be associated with AF, [8] [9] [10] a recent population cohort study found low risk of AF in overt hypothyroidism. 11 Previous reports have demonstrated that long-term hypothyroidism can lead to cardiac chamber dilatation and HF in rats. 5 Epidemiological data indicate that TH deficiency may be responsible for an increased risk of HF in patients. 6 Because of the fact that there is a strong coexistence of HF and AF, 2 we hypothesized that hypothyroidism may lead to increased AF as well. Currently, there are no direct experimental data examining whether hypothyroidism affects AF although the effects of hyperthyroidism on AF have been more extensively studied in animals. [12] [13] [14] This study was designed to investigate cardiac electrophysiology and arrhythmia inducibility with low, normal, and high thyroid levels.
Animal Model and Study Design
Thyroidectomized adult female Sprague-Dawley rats were purchased from Charles River laboratories (Wilmington, MA). Thyroid status was confirmed using blood samples taken 4 weeks after surgery. Animals were then randomized into the following groups: hypothyroid (N=9), euthyroid (N=9), and hyperthyroid (N=9). In hypothyroid rats, placebo pellets were implanted subcutaneously in the posterior neck, whereas 3.3-mg l-thyroxine (T4) pellets and 20-mg T4 pellets were implanted in euthyroid and hyperthyroid rats, respectively. The dosages of T4 pellets were chosen on the basis of our previous study showing 3.3-mg T4 pellets normalize cardiac TH levels in thyroidectomized rats. 15 Placebo and T4 pellets (prepared in 60-day release form) were purchased from Innovative Research of America (Sarasota, Fl). Terminal experiments were performed 2 months after placebo or T4 treatment. A group of normal rats with same age and sex (N=8) served as normal control for TH levels.
Animals were housed in our institutional animal facility and kept on a 12:12-h light-dark cycle and given standard rat chow and water ad libitum.
Serum TH Measurements
Total triiodothyronine (T3), T4, and thyroid-stimulating hormone (TSH) levels were measured using ElISA kits according to the manufacturers' specification. T3 and T4 kits were obtained from Monobind Inc (lake Forest, CA). The kits are used in humans but have been shown to produce excellent results in rats in our laboratory. 16 TSH kit was purchased from AlPCO Diagnostics (Salem, NH) and is specific for rat TSH.
Echocardiographic Measurements
A GE Vivid 7 Dimension System (GE VINGMED UlTRASOUND A/S, Horten, Norway) coupled with a M12l linear (Matrix) array ultrasound transducer probe (5-13 MHz) was used to acquire echocardiographic data in a blinded manner. Briefly, rats were anesthetized with 1.5% isoflurane. After the chest was shaved, the animals were placed on an isothermal pad maintained at ≈40°C. Two-dimensional (2D) echocardiograms were obtained from short-and long-axis views of the left ventricle (lV). Two-dimensionally targeted M-mode echocardiograms were used to measure the lV dimensions in systole and diastole. left atrial diameter at diastole was measured to estimate atrial size.
Cardiac Hemodynamic Measurements
lV hemodynamics were obtained under anesthesia by catheterization of the right carotid artery using a 1.9F SciSense pressure-volume catheter (Transonic Scisense Inc, london, Ontario, Canada). The tip of the catheter was advanced through the aorta into the lV. The following parameters were measured: heart rate, lV peak systolic pressure, lV end-diastolic pressure, and positive/negative change in pressure over time (±dP/dt). The data were acquired and analyzed by the labScribe software (iWorx Systems, Inc, Dover, NH).
Electrophysiology Study and AF Inducibility Test
Under anesthesia, a 1.6F octopolar Millar electrophysiology catheter (EPR-802; Millar Instruments, Inc, Houston, TX) was inserted through right jugular vein and advanced into the right atrium with 8 poles recording atrial electrograms. Standard surface ECG lead II and 3 right atrial electrocardiograms from 3 pairs of electrodes were displayed and recorded using a Powerlab data acquisition system (ADInstruments, Colorado Springs, CO). The purpose of recording 3 atrial electrograms from distal, middle, and proximal pairs was to facilitate determination of atrial capturing and AF pattern. Poles 5 and 6 (the third pairs counted from catheter tip) were used for pacing.
Regular pacing and standard S1S2 pacing protocols were used to determine sinus node recovery time and atrial effective refractory period (ERP). The atria were paced at 3× threshold at cycle length of 150 or 20 ms shorter than the spontaneous sinus cycle length (in hyperthyroid rats because of fast heart rate). Atrial ERP was defined as the longest coupling intervals that did not capture the atria.
Burst pacing containing 200 impulses at 50 Hz was used to induce AF. The duration of the subsequent spontaneous AF after burst pacing was documented. The median AF duration based on 5 such tests was used to reflect the AF substrate in each animal. If induced spontaneous AF lasted >10 minutes, AF was considered permanent.
AF was defined as irregular, rapid atrial activations with varying electrogram morphology lasting ≥0.5 seconds. The atrial rates were typically >1500 beats per minute in rats.
Atrial Histology and Connexin 43 Immunohistochemical Staining
left atrial appendages were taken and immersion-fixed with 4% paraformaldehyde, processed, and paraffin embedded. Serial histological sections (6.0-µm thick) were cut and stained with hematoxylin and eosin (H&E) and Masson trichrome stain.
A separate group of sections was immunostained with a monoclonal antibody against rat connexin-43 (Cx43; 1:500: MAB3068; Millipore, Temecula, CA). Cx43 antibody was visualized using goat antimouse Rhodamine Red-X-conjugated antibody (1:200; 115-295-146; Jackson ImmunoResearch laboratories, Inc, West Grove, PA), and cell nuclei were counterstained with 4′,6-diamidino-2phenylindole dihydrochloride.
Stained sections were examined using an Olympus BX53 microscope and high-resolution digital images captured at ×40 magnification with an Olympus DP72 digital camera. Morphometric and stereological analyses of digitized images were performed in a blinded manner using Image-Pro Analyzer 7.0 software (Media Cybernetics, Inc, Bethesda, MD).
The mean cross-sectional area (CSA) and diameter of cardiac myocytes were estimated using optical fields in which cardiac myocytes showed a relatively circular outline and the presence of a roundshaped nucleus. On average, ≈60 to 80 nucleated myocyte profiles were examined in each appendage.
Interstitial fibrosis was estimated using Masson-stained sections and expressed as percentage of the total area occupied by interstitial tissue and cardiac myocytes.
Density of Cx43 was estimated using the sections immunostained with anti-Cx43 antibody. Cx43 is best viewed and was examined in areas of longitudinally oriented cardiac myocytes and expressed as percentage of area examined.
Statistical Analysis
Data are described with mean and the 95% confidence interval for continuous variables. Fisher exact test was used to compare the AF incidence. Because AF duration data are not normally distributed, they are expressed as median, first and third quartile (Q1-Q3) values delimiting bottom 25% and top 25% of the distribution and the extremes. A nonparametric Kruskal-Wallis test followed by Mann-Whitney U tests were used to compare the AF duration data. ANOVAs were performed to compare all other continuous variables among groups followed by Tukey honestly significant difference tests. A P<0.05 was required for statistical significance.
Results

Effects of Different T4 Dosages on Serum TH Levels, Heart Weight, and Body Weight
The efficacy of thyroidectomy was confirmed by the presence of serum hypothyroidism (low T3, T4, and high TSH) October 2013 in all animals before pellet implantation (Figure 1 , left). After 2-month treatment, serum T3 and T4 remained significantly decreased, and TSH was increased in the placebo group (confirming hypothyroidism) compared with normal control (Figure 1 , right). Serum T3, T4, and TSH were normalized in the euthyroid group. Both T3 and T4 were significantly increased, and TSH was significantly decreased in the high-dose T4-treated hyperthyroid group (confirming hyperthyroidism).
Placebo-treated hypothyroid rats had lower body weight compared with euthyroid and hyperthyroid rats ( Table 1) . Body weight in hyperthyroid rats was not statistically different from euthyroid rats. Heart weight was significantly lower (cardiac atrophy) in the hypothyroid group compared with euthyroid rats, whereas heart weight was higher in hyperthyroid rats (cardiac hypertrophy) compared with euthyroid rats. These changes persisted after adjustment for body weight.
Effects of Different T4 Dosages on Echocardiographic Parameters
lV function and cardiac dimensions acquired by echocardiography before terminal experiments are reported in Figure 2 . lV fractional shortening and wall thickness were reduced in the hypothyroid group compared with the euthyroid and hyperthyroid groups. Although hypothyroid rats had larger lV chamber dimension in systole, the lV diastolic chamber dimension was not yet increased at this relatively early stage. These data indicate cardiac atrophy with reduced ventricular contractility rather than HF, which can occur with long-term hypothyroidism. 5 The hyperthyroid group had increased lV fractional shortening, indicating increased ventricular contractility.
Effects of Different T4 Dosages on LV Hemodynamics
Hypothyroid rats showed a reduction in ±dp/dt compared with euthyroid rats (Figure 3 ). However, lV end-diastolic pressure was not significantly changed in hypothyroid rats, suggesting the absence of HF. In contrast, the hyperthyroid group showed an increase in ±dp/dt compared with euthyroid rats, indicating increased lV systolic and diastolic function in hyperthyroid rats.
Effects of Different T4 Dosages on Cardiac Electrophysiology and AF Inducibility
Basic cardiac electrophysiology data are shown in Table 2 . As expected, the heart rate was lower in hypothyroid rats and higher in hyperthyroid rats compared with euthyroid rats ( Table 2) . Hypothyroid rats had longer corrected sinus node recovery time compared with euthyroid rats. In addition, the atrial ERP was significantly longer in hypothyroid rats compared with euthyroid rats and was shorter in hyperthyroid rats. Atrioventricular conduction time was not different among the groups.
AF inducibility data are shown in Figure 4 and in the Table in the online-only Data Supplement. AF inducibility was significantly increased in the hypothyroid (7/9 rats; P=0.008) and hyperthyroid groups (6/9 rats; P=0.025) compared with the euthyroid group (1/9 rats). Induced AF duration was also increased in hypothyroid and hyperthyroid rats ( Figure 4 ).
Effects of Different T4 Dosages on Atrial Histology and Cx43 Staining
Mean CSA and diameter of left atrial myocytes were smaller in hypothyroid rats, confirming myocardial atrophy (Figure 5) . The CSA was larger in hyperthyroid rats, confirming myocardial hypertrophy. left atrial interstitial fibrosis was increased in hypothyroid rats compared with euthyroid rats. The extent of fibrosis was not statistically different in euthyroid and hyperthyroid rats.
left atrial myocyte Cx43 immunostaining is shown in Figure 6 . Cx43 density was not statistically different among the 3 groups although there was a tendency toward lower density in hyperthyroid rats. 
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Discussion
Major Findings
To our knowledge, this is the first study examining the effects of different TH levels, ranging from hypothyroid to hyperthyroid, on AF arrhythmogenesis in a rat thyroidectomy model. Our results demonstrated that both hypothyroidism and hyperthyroidism were associated with enhanced AF vulnerability compared with rats having normalized TH levels. Thus, our results demonstrate that hypothyroidism, like hyperthyroidism, increases AF risk. Our data highlight the potential clinical importance of correcting thyroid dysfunction to prevent cardiac arrhythmias and AF.
Hyperthyroidism and AF
The association between hyperthyroidism and AF is well established by clinical and experimental data. AF occurs in 10% to 25% of patients with hyperthyroidism. 1 In patients with hyperthyroidism and AF, the primary treatment goal is to restore normal thyroid function. Once a euthyroid state is achieved by effective treatment, AF usually reverts to spontaneous sinus rhythm. 1 Data from this study further confirm that hyperthyroidism increases AF vulnerability. It should be noted that hyperthyroid rats demonstrated increased ventricular contractility (increased left ventricular fractional shortening in Figure 2 and increased +dp/dt in Figure 3 ), which is consistent with previous reports. [4] [5] [6] TH can increase contractility through many mechanisms, such as increasing ratio of α-myosin heavy chain/β-myosin heavy chain, ryanodine receptor 2, and decreasing phospholamban. TH is known to promote physiological cardiac hypertrophy by adding sarcomeres in parallel and series, resulting in a proportional increased myocyte CSA/ventricular wall thickness and myocyte length/chamber diameter, in a manner similar to excise rather than pathological hypertrophy. [4] [5] [6] This is reflected by the increased heart weight/body weight in Table 1 . However, hyperthyroid rats had increased diastolic function (increased -dp/dt) and normal lV end-diastolic pressure and left atrial diameter, indicating diastolic dysfunction was not present and not expected to contribute to increased AF inducibility in these rats.
Hyperthyroidism can lead to increased automaticity, decreased atrial action potential duration, decreased atrial ERP, and profoundly altered ion channel expression and function. Our results showed shortened atrial ERP in hyperthyroid rats ( Table 2) , which is consistent with an early report that in isolated rabbit hearts hyperthyroidism decreased atrial ERP. 12 According to the wavelength theory, shortened ERP can result in a shortened wavelength (a product of ERP and conduction velocity), thus favoring re-entry. 17 Moreover, hyperthyroidism can increase automaticity and enhance triggered activity in single cardiomyocytes from rabbit pulmonary veins, resulting in enhanced AF arrhythmogenesis. 18 Increased ectopic activity in hyperthyroid patients has also been demonstrated. 19 Hyperthyroidism can alter cardiac ion channel expression and function. In fact, the reduced atrial ERP in hyperthyroidism may be caused by increased K + and reduced Ca ++ current. In murine atria, hyperthyroidism increases delayed rectifier K + currents that in turn could speed up repolarization and abbreviate atrial action potential duration and ERP. 13 There are reports that THs also decrease l-type calcium currents with resultant shortening of action potential duration, providing a substrate for AF. 14, 20 However, the effect of hyperthyroidism on Ca ++ current is not consistent. Another study found that THs increased expression of l-type calcium channel mRNA and Ca ++ current densities in both atrium and ventricle. 21 Similar results were also obtained from right atrial tissue in patients. 22 Hyperthyroidism also affects cardiac Cx expression and function. Cx play an important role in cell-cell coupling, and hyperthyroidism is known to upregulate Cx43 in rat atria. 23 Upregulation of Cx43 should improve cell-cell coupling and electric conduction. Improved conduction, by increasing re-entry wavelength, should reduce the chance of developing multiple wavelets in the atria. 17 However, THs could decrease Cx43 phosphorylation in rat atria and may affect Cx43 channel properties and function and consequently influence cardiac arrhythmia susceptibility. 24 In our experiments, using immunohistochemical staining, we found that Cx43 densities were not increased in hyperthyroid rats. This might be because of hyperthyroidism-associated myocyte hypertrophy, as reflected in the larger myocyte CSA in this group ( Figure 5 ). larger myocytes may reduce relative numbers of gap junctions in a given area.
Fibrosis is another important factor in AF arrhythmogenesis. 25 In our study, the interstitial collagen content was not increased ( Figure 5 ) in hyperthyroid rats compared with euthyroid animals. In fact, collagen was less pronounced. Thus, fibrosis is not a contributing factor in this animal model of hyperthyroidism. However, it should be noted that longterm hyperthyroidism may lead to increased myocardial fibrosis and reduced cardiac function. 26 
Hypothyroidism and AF
Currently, the relationship between hypothyroidism and AF is unclear. There are little data available on hypothyroidism and AF in patients. A few case reports suggested that P<0.001
P<0.001 P<0.001 Figure 3 . left ventricular hemodynamics. Data presentation and P values are indicated as in Figure 2 . lVEDP, left ventricular end-diastolic pressure; lVSP indicates left ventricular systolic pressure; +dp/dt, positive change in pressure over time; and −dp/dt, negative change in pressure over time. hypothyroidism might be associated with AF, [8] [9] [10] whereas a recent population cohort study found low risk of AF in overt hypothyroidism. 11 It is interesting to note that a veterinary report indicates that AF and primary hypothyroidism are most often diagnosed in middle-aged and older dogs. The frequencies of primary hypothyroidism in AF dogs were significantly higher than in the control animals, suggesting hypothyroidism may contribute to AF. 27 Nevertheless, there are no prior experiments specifically designed to examine the effects of hypothyroidism on AF arrhythmogenesis.
The data from this study clearly demonstrated that hypothyroidism resulted in an increased AF susceptibility ( Figure 4 ), similar to hyperthyroidism. Although hypothyroidism and hyperthyroidism increased AF incidence, they affect other atrial electrophysiological parameters differently. Hyperthyroidism increases heart rate and shortens atrial ERP, whereas hypothyroidism decreases heart rate and prolongs atrial ERP. We found increased atrial interstitial collagen in hypothyroid animals, whereas the collagen content was not increased in hyperthyroid rats. This finding is consistent with previous reports that hypothyroidism promotes myocardial fibrosis. 28 The increased fibrosis in hypothyroid rats may contribute to longer atrial ERP. Atrial fibrosis can lead to slow conduction and increased conduction heterogeneity thus favoring re-entry formation and increasing AF vulnerability. 25 Because THs profoundly affect cardiac ion channels, hypothyroidism should cause ion channel remodeling. It has been reported that hypothyroidism may reduce different K + and Ca ++ currents. 29, 30 Increased repolarization inhomogeneity and QT dispersion has also been reported in hypothyroid mice. 31 All these changes may enhance arrhythmogenesis. We found that Cx43 density was not decreased in hypothyroid rats. This may be partly because of myocyte atrophy. Because hyperthyroidism and hypothyroidism produce different changes in cardiac electrophysiology, it is expected that different mechanisms may be involved for enhanced AF vulnerability in hypothyroid and hyperthyroid animals. In the current experiments, it was not possible to answer whether hypothyroidism is more arrhythmogenic than hyperthyroidism, despite the observation that induced AF duration seems longer in hypothyroid rats (Figure 4 ).
Clinical Implication
Our results demonstrated that both hypothyroidism and hyperthyroidism can potentially lead to enhanced AF arrhythmogenesis. AF incidence was the lowest in euthyroid rats. Although the relationship between hyperthyroidism and AF is well known and its clinical importance is well recognized, 1 the role of hypothyroidism in AF arrhythmogenesis is less studied and not well recognized. Our finding that hypothyroidism increases AF susceptibility has important clinical and pathophysiological implications.
Altered TH metabolism, characterized as low-T3 syndrome, has been described in patients with various cardiac diseases and was linked to poor prognosis of cardiac patients. 32 low-T3 syndrome was found in ≈30% of admitted patients with cardiac diseases and was associated with increased cardiac and overall deaths. 32 Moreover, increasing evidence suggests that blood TH levels may underestimate the extent of low cardiac tissue T3 levels in heart diseases as a result of reduced local conversion from T4 to T3 and increased myocardial T3 degradation. 6, 15 Myocardial (cardiac tissue level) hypothyroidism may contribute to HF development. 6 HF is known to be associated with an increased AF risk. 2 On the basis of this evidence, we speculated that cardiac tissue hypothyroidism in HF, if left untreated, may contribute to AF arrhythmogenesis as well.
Accumulating evidence suggests that there are hemodynamic benefits of TH replacement therapy to normalize cardiac tissue TH level in HF. 6 However, whether TH replacement therapy can decrease AF in HF remains to be investigated.
Study Limitation
AF vulnerability in hypothyroidism and hyperthyroidism may be time and disease state dependent. In this study, 3 months of hypothyroidism enhanced AF vulnerability in this animal model. long-term hypothyroidism may lead to chamber dilation and HF. 5 Thus, arrhythmia vulnerability is expected to be further increased. Certain histological changes may also be time dependent. For example, the fibrosis content in hyperthyroid rats was not yet increased in the current study, but longstanding hyperthyroidism (10 months) has been demonstrated to impair lV function and increase interstitial fibrotic deposition in hamsters. 26 In this study, cardiac tissue TH levels were not measured. However, our previous study found that the same 3.3-mg T4 pellets used in the current study normalized cardiac tissue TH levels. 15 Although tissue TH levels may be a more precise measure of organ thyroid status, access to tissue samples in humans is, of course, problematic.
Although we have demonstrated pronounced electrophysiological changes and increased AF inducibility in hypothyroid rats, the exact mechanisms responsible for increased AF vulnerability in hypothyroidism remain to be investigated.
Conclusions
We have demonstrated that in a rat thyroidectomy model, both hypothyroidism and hyperthyroidism can increase AF vulnerability, indicating that normal TH levels are required to prevent cardiac arrhythmias and AF, especially in conditions when cardiac tissue hypothyroidism may be present.
